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[1] Stratospheric transport calculated using assimilated winds has been shown to be too
fast in many cases, because of excessive mixing and an overstrong residual circulation. It
is shown that the use of 6-h-averaged wind fields instead of instantaneous analyses can
substantially reduce this problem for NASA’s Goddard Earth Observing System version 4
(GEOS-4) sequential data assimilation system. Two examples are used to illustrate impacts
in an off-line chemistry transport model. An age-of-air computation shows that the
stratosphere becomes substantially older when time-averaged winds are used, yet still not
as old as that determined from observations. An ozone assimilation experiment reveals
improvements in the spatial structure of assimilated ozone, better agreement with
independent observations, and a 40–60% reduction in observation-minus-forecast
residuals. The averaged meteorological fields have also been incorporated in the on-line
transport computations: This is equivalent to using a 6-h square-wave filter at the analysis
times. Sub-6-h noise in the system is substantially reduced with this approach. Two
additional examples of transport are shown. A simulation of 2004–2005 shows that the
descent of N2O in the Arctic polar vortex is represented more accurately than in previous
studies. A tape recorder signal is evident in the tropical moisture; it ascends about 30%
faster than that in the real atmosphere. In summary, the use of 6-h-averaged winds
substantially improves the transport characteristics of the assimilated data, although the
circulation remains too fast.
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1. Introduction

[2] Dynamics and transport play a central role in strato-
spheric chemistry. An example is the importance of con-
finement of air masses inside the polar vortex for the
formation of the ozone hole. For evaluation and process
understanding, statistical properties of chemical distribu-
tions can be understood using free-running general circula-
tion models (GCMs) [e.g., Sankey and Shepherd, 2003].
However, detailed studies of atmospheric chemistry data
obtained in specific events require transport computations
using winds from those times, as can be obtained through
data assimilation [e.g., Rood et al., 1991]. Accurate wind

analyses are thus needed to interpret space-based constituent
data using chemistry-transport models (CTMs) as interpre-
tative tools. One such example is the understanding of
features in trace gas distributions, such as modeling the
origin of ozone filaments detected by the Earth-Observation
System Microwave Limb Sounder (EOS MLS) instrument
and a ground-based lidar in Hawaii [Leblanc et al., 2006].
Another example is for simulations of interannual variations
in ozone, modeled with a CTM by Hadjinicolaou et al.
[2002]. These studies used CTMs driven by analyzed winds
from different versions of the analysis system from the
European Centre for Medium-Range Weather Forecasts
(ECMWF).
[3] The accuracy of transport computations using ana-

lyzed winds is questionable. While rapid, quasi-horizontal
features in trace gas distributions can be captured [Rood et
al., 1991; Leblanc et al., 2006], the slowly varying features
of the flow are often not well represented because of an
overstrong residual circulation [e.g., Weaver et al., 1993;
Meijer et al., 2004] and excessive mixing [e.g., Schoeberl et
al., 2003; Tan et al., 2004]. This anomalous transport has
important consequences. Using a CTM driven by Goddard
Earth Observing System, version 3 (GEOS-3) analyses,
Considine et al. [2003] found that polar chemistry was
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inadequately represented because of excessive mixing in
and around the Arctic polar vortex in 2001. In an ozone
assimilation system using GEOS-4 winds, biases from
transport errors could be corrected using a higher density
of ozone data [Wargan et al., 2005].
[4] Similar transport problems have been identified in

many meteorological analyses, including those from
ECMWF [Stöhl et al., 2004; van Noije et al., 2004], the
Met. Office of the United Kingdom [Schoeberl et al., 2003],
and GEOS-4 [Schoeberl et al., 2003; Tan et al., 2004]. In
recent ECMWF analyses, where one change is an update
from three- to four-dimensional variational (3D- to 4D-Var)
assimilation, the problem is reduced [Meijer et al., 2004;
Scheele et al., 2005]. While there is optimism that data
assimilation techniques may eventually be developed that
eliminate the problem, or at least reduce its magnitude,
other methods must presently be adopted when using
meteorological analyses for atmospheric chemistry studies.
[5] One approach, based on medium-range forecasts

rather than analyses, has been exploited. Following Wild
et al. [2003], who used ECMWF forecasts to drive a
tropospheric CTM, Meijer et al. [2004] demonstrated that
use of 1- or 3-d forecasts substantially increased the age of
air (AA) in stratospheric computations. However, even in
the best case (3-d forecasts initialized with 4D-Var analyses)
the AA remained about 1–1.5 years (a) lower than that
inferred from observations. Despite the improved AA
simulation, the general benefit of using forecast winds
remains to be demonstrated; temporal growth in forecast
error may limit the applicability in situations when spatial
variability in transport impacts the field of interest, such as
constituent assimilation.
[6] The present study demonstrates that the alternate

approach of using time averages of the meteorological fields

also reduces the transport problems. Waugh et al. [1997]
demonstrated that transport in a CTM driven by winds from
a GCM was substantially better when 3-h averages were
used in place of instantaneous values. This is because the
subsampling at discrete times led to aliasing problems, while
the time-averaging filtered the transient components and
reduced spurious transport. This study uses 6-h-averaged
fields, as explained in section 2. Results are presented for
different problems in off-line (sections 3 and 4 ) and on-
line (section 5) frameworks. Section 6 summarizes the main
results and discusses their possible generality.

2. GEOS-4 Assimilation System and Motivation
for Time Averaging

[7] The GEOS-4.0.3 data assimilation system [Bloom et
al., 2005] was used in this work; Tan et al. [2004] used an
earlier version (4.0.2) of this system. GEOS-4 is based on
the Physical-Space Statistical Analysis Scheme [Cohn et al.,
1998], a form of 3D-Var in which the optimization is
performed at observation locations, rather than on the model
grid. The underlying GCM is based on the dynamical core
of Lin [2004] and the physical parameterizations of Kiehl et
al. [1998]. Awide range of data is ingested, of which winds
from radiosondes and thermal structure from radiosondes and
the Advanced Microwave Sounding Unit (AMSU) are the
most relevant for the middle atmosphere [Bloom et al., 2005].
The sequential assimilation is performed in a 6-h cycle,
producing analyses at the synoptic times of 00, 06, 12
and 18 UT. The assimilation combines background fields
(6-h forecasts from the previous analyses) with all available
data from within a 6-h window centered on the synoptic
times.
[8] In the development and validation of GEOS-4, sub-

stantial high-frequency variance was isolated. For illustra-
tion, Figure 1 shows a 5-d (3–8 January 2004) time series
of meridional velocity (v) plotted at 30-min intervals at a
representative point (0�E, 45�N, 4.5 hPa). While a range of
frequencies is evident in the time series, there is a substan-
tial contribution of the 6-h wave, which is emphasized by
subtracting the 6-h running mean. Note that many of the
sharpest changes in Figure 1 do not coincide with analysis
times. Data withholding experiments reveal that much of the
noisiness originates primarily through data insertion in the
troposphere and propagates upward, growing as density
decreases in the middle atmosphere. These oscillations in
GEOS-4.0.3 are stronger than in GEOS-4.0.2 used by Tan et
al. [2004]; one important factor in this is that greater weight
is given to the observations in the present system. The
‘‘finite-volume data assimilation system’’ used by Schoeberl
et al. [2003] and Douglass et al. [2003] was an early test
version of GEOS-4 that gave data a very low weight and
used a different version of the GCM; it also had a smoother
temporal behavior.
[9] Meteorological analyses typically archive snapshots

every 6 h, shown by the solid circles in Figure 1, leading to
an aliasing of the sub-6-hourly variability (compare the
solid and dashed lines) that is used in CTMs. These
oscillations appear as spatiotemporal patterns in fields such
as horizontal divergence and vertical velocity, with reversals
in the patterns through any 6-h period. This leads to
superfluous spatial mixing, which is enhanced in off-line

Figure 1. The meridional velocity (m/s) at 0�E and 45�N,
between 00Z 3 January 2004 and 00Z 8 January 2004. The
solid circles show the analysis times every 6 h and are
connected with the dashed lines (the linear fit between the
analyses). The solid curve passing through the analyses
shows the velocity archived at 30-min intervals. The lower
solid curve shows the same data with the 6-h running mean
subtracted, qualitatively emphasizing the sub-6-hourly
variability.
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computations because of aliasing when only 6-hourly sam-
ples are available.
[10] The importance of temporal sampling has been

addressed in prior studies. Waugh et al. [1997] showed
that aliasing of transience led to inaccuracies in CTM
transport driven by archived fields from a GCM. Intro-
ducing 3-h averages substantially improved the transport
calculations. When using analyses, the additional ‘‘shock’’
caused by data insertion can make the problem more
acute. Legras et al. [2005] generated time-smoothed fields
at 3-hourly intervals from ECMWF data in their trajectory
model-data study of turbulent diffusion in the lower strato-
sphere. The smoothing was shown to be essential for realistic
trace-gas simulations. The time smoothing was performed
using 6-hourly analyses (for 0, 6, 12, and 18 UT) along with
forecasts at the intermediate 3-hourly intervals (at 3, 9, 15,
and 21 UT). Similar conclusions about the use of such
3-h sampling were made by Berthet et al. [2006] and by
Bregman et al. [2006] in their CTM studies.
[11] A different approach is adopted in this study: The

6-h averages of the meteorological fields are computed as
the GEOS-4 system runs. This is equivalent to using a
square-wave filter. The filtering properties of this time
averaging are well known [e.g., Press et al., 1992]:
Advantages are that the 6-, 3-, and 2-h components of
variability are entirely eliminated from the data, while a
potential disadvantage is that the semidiurnal and diurnal
components are suppressed. Swinbank et al. [1999] dem-
onstrated inaccurately represented tides in the upper strato-
sphere of the GEOS-2 data assimilation system. The
problem was partly related to the 6-h data windows, which
are unchanged in GEOS-4. Given the uncertainty in
representing these tides, they have been given low priority
here. This study presents the case for using the 6-h average,
demonstrating credible aspects of using time-averaged
GEOS-4 data in transport computations.

3. Impacts on Age of Air

[12] In this section, computations of age-of-air (AA)
[Hall and Plumb, 1994] using a CTM are shown. The
CTM used in this work is based on the flux-form semi-
Lagrangian transport code of Lin and Rood [1996]. All
experiments described here used a spatial resolution of 2.5�
(longitude) � 2� (latitude). The CTM uses meteorological
fields from the GEOS-4 analyses, including winds, temper-
ature, and quantities such as cloud-mass fluxes that drive
the ‘‘sub-grid-scale’’ transport. The CTM can use chemistry
modules of varying complexity, ranging from passive
species such as SF6 [Schoeberl et al., 2003], through
linearized chemical production and loss rates [Stajner
et al., 2004], to full chemical mechanisms [Douglass
et al., 2003]. The experiments in this section use the CTM
constrained by 6-hourly archives of either ‘‘instantaneous’’ or
‘‘6-h-averaged’’ winds and temperatures from the GEOS-4
analyses; the fields are linearly interpolated in time to the
model time step of 30 min.
[13] AA [Hall and Plumb, 1994] is a measure of the time

that an air mass has remained in the stratosphere since
entering through the tropical tropopause. The mean AA can
be computed using long-lived trace gases with linearly
increasing source gas (e.g., SF6), while the spectrum can

be computed using pulsed releases of inert tracers. The
mean age and the age spectrum are established diagnostics
for quantifying the strengths of the Brewer-Dobson circu-
lation and meridional mixing on stratospheric transport
[e.g., Schoeberl et al., 2003]. The mean AA deduced from
observations is 4–5 a near 50 hPa in the polar stratosphere
[Andrews et al., 2001]. An overintense Brewer-Dobson
circulation leads to an underestimate of mean age. Exces-
sive meridional mixing between the tropics and polar
regions reduces meridional gradients and broadens the age
spectrum. Studies with various assimilated data sets have
revealed a tendency to underestimate age, display weak
meridional gradients and a broad AA spectrum [Schoeberl
et al., 2003; Meijer et al., 2004]. AA characteristics using
assimilated data sets are worse than those computed from
free-running GCMs [Douglass et al., 2003; Schoeberl et al.,
2003] because of the additional mixing introduced by the
data insertion [Tan et al., 2004].
[14] These same characteristics are evident in GEOS-4

(Figure 2, left): The mean AA at 50 hPa near the Pole barely
exceeds 1 a and meridional gradients are very weak. This
computation was performed using the CTM with an SF6
tracer constrained to equal model time at the surface, with
an upper boundary at 0.2 hPa. The mean AA is normalized
be zero at 100 hPa at the equator. A comparable calculation
with 6-h-averaged winds shows the following improve-
ments in mean AA (Figure 2, right): (1) a more prominent
tropical pipe, (2) AA values approaching 4 a in the upper
stratosphere, and (3) extension of the 3.25/3.5-a contours
down to 50 hPa at the North/South Poles. These results
show that the transport with the 6-h-averaged winds is much
slower and more realistic than that with instantaneous
winds. Differences in the troposphere are caused by more
rapid transport across the tropopause with instantaneous
winds.
[15] An experiment using pulsed releases in the tropo-

sphere was performed to compute the age spectra using both
time-averaged and instantaneous winds in the CTM. The
results (Figure 3) show spectra at 50 hPa of similar shapes
in the Tropics and with rather larger spread in northern
middle latitudes. The tropical spectra both display a sharp
peak at young ages, indicating the more rapid vertical
transport with instantaneous winds (the mode is six months
younger) and the more rapid recirculation, with a tail
decaying by 5 a when instantaneous winds are used but
retaining a small fraction of ages up to about 9 a when
6-h averages are used. At 60�N, the spectra at 50 hPa exhibit
larger differences, peaking (with a hint of bimodality) at 10–
12 months when instantaneous winds are used but near 2 a
when 6-h averages are used. These features illustrate the
excessive vertical transport throughout the atmosphere when
instantaneous wind fields are used, but a much more realistic
depiction of transport with 6-h-averaged winds.
[16] These improvements are similar to those obtained by

Meijer et al. [2004]. Using ECMWF analyses, their com-
puted AA near 50 hPa in the polar region was 1.5–2 a using
3D-Var and 2.5–3 a using 4D-Var analyses, with the
younger ages in the northern hemisphere. AA increased to
almost 3.5 a when 3-d forecast winds from the 4D-Var
system were used in the CTM. The AA computed using the
6-h-averaged GEOS-4 winds is comparable to the best case
presented by Meijer et al. [2004]. (The use of different
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CTMs may impact this result, in addition to the impact of
different analyses.)
[17] In summary, the AA is substantially increased by the

6-h averaging, but it remains younger than that inferred
from atmospheric observations, which is about 4–5 a in the
polar lower stratosphere. The improved representation of
meridional gradients demonstrates that superfluous horizon-
tal mixing is substantially reduced with 6-h-averaged winds.
Corresponding improvements are seen in the age spectrum.

4. Impacts on Ozone Assimilation

[18] While AA gives important information on the trans-
port time through the stratosphere, it does not give complete
information on the more rapidly varying aspects of the
transport. One perspective on this is provided by evaluation
of the sensitivity to input winds of an ozone assimilation
system [Stajner et al., 2001, 2004]. The diagnosis capital-
izes on the availability and quality of ozone data sets and
the frequent comparison between forecast and data in the
assimilation.
[19] The ozone assimilation system has two components,

the CTM and the assimilation modules. This version of the
CTM used in this section includes a simple approximation
to ozone chemistry (using production rates and loss fre-
quencies). Two integrations of the CTM were made, un-
constrained by ozone data. They were initialized in January
2000 and driven by either the snapshot or 6-h-average
winds from GEOS-4, using the same time interpolation as
in the AA experiments. Two corresponding ozone assimi-
lation experiments were performed. Every 6 h, the PSAS-
based assimilation module [Stajner et al., 2001] blends the
model forecasts with ozone retrievals from the Total
Ozone Mapping Spectrometer (TOMS) [McPeters et al.,
1996] and the NOAA 14 Solar Backscatter Ultraviolet
(SBUV) [Bhartia et al., 1996] instruments.
[20] Figure 4 shows the latitudinal distributions of zonal-

mean total column ozone in July 2000 from the two CTM
runs and the two assimilations. The two assimilations agree

Figure 3. Probability distribution functions showing the
age spectrum computed using pulse-release tracers with
GEOS-4 time-averaged (solid lines) and instantaneous
(dash-dotted lines) winds. Data are shown for (a) 50 hPa,
0�N, and (b) 50h Pa, 60�N.

Figure 2. The age of air (AA) computed from the Goddard Earth Observing System version 4 (GEOS-4)
assimilation system using 4-times-daily winds. Results are shown for (left) instantaneous output and
(right) 6-h mean output. Contour interval is 0.25 a.
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well (within 10 DU) North of about 60�S, where SBUVand
TOMS data exist. Ozone in the CTM runs departs from the
assimilated values, with generally a low bias in the tropics
and a high bias at other latitudes, consistent with the
overstrong residual circulation [Douglass et al., 1997]. In
the polar night, south of 63�S in July, there are no SBUVor
TOMS data to assimilate. Here the curves group according
to the wind data set used, with unrealistically low ozone
(<200 DU) when using the snapshot winds and more
reasonable values when using the 6-h averages. This effect
arises from rapid mixing from tropical to polar regions seen
in AA (Figure 2). The mixing diagnostic of Tan et al. [2004]
reveals about 40% more meridional mixing into the polar
night when snapshot winds are used.
[21] The vertical distribution of zonal-mean ozone con-

centration differences between the two assimilation runs
(Figure 5) is large throughout the stratosphere in polar night.
There is almost 1ppmv less ozone throughout the strato-
spheric vortex in the assimilation using snapshot winds:
This is excessively low. Stajner and Wargan [2004] found
that including Polar Ozone and Aerosol Measurement III
data in the assimilation led to much more realistic ozone in
the polar night than was possible with SBUV data. Away
from the polar night, the pattern of differences in Figure 5
displays positive and negative regions, consistent with the
differences in residual upwelling in the lower stratospheric
region of dynamical control, where the ozone gradients are
largest. To reconcile the information in Figures 4 and 5, note
that the total ozone constraint in the assimilation adjusts the
tropospheric partial column to compensate for differences in
stratospheric ozone.
[22] Comparison with co-located ozonesonde data

(Figure 6) shows that the improved transport with 6-h mean
winds reduces the RMS errors by at least 20% at all levels
in both the Tropics and northern middle latitudes. Similar

results are obtained when validating against co-located
retrievals from the Stratospheric Aerosol and Gas Experi-
ment II [Wang et al., 2002].
[23] The value of ‘‘observation minus forecast’’ (O-F)

residuals as a tool for monitoring assimilation system
performance is well established [e.g., Hollingsworth et al.,
1986] and has been applied to ozone assimilation. Stajner
et al. [2004] demonstrated marked improvement in ozone
O-Fs when a preliminary version of GEOS-4 winds was
used in place of GEOS-3 winds in the CTM. Time series
(1 April to 31 July) of the global RMS O-Fs for TOMS total
ozone (Figure 7) illustrate a substantial impact of the choice
of winds used in the forecast. The RMS values, which have a
decreasing seasonal evolution in this period, decrease from
around 17–20 Dobson Units (DU) to 9–11 DU when using
6-h-averaged in place of instantaneous winds. In the middle
latitudes (not shown) there are slightly larger improvements
in the southern (summer) than in the northern (winter)
hemisphere. Figure 7 also includes a third ozone assimilation
experiment, demonstrating that a longer (12-h) averaging
period has no additional benefits. (This experiment still used
four wind data sets per day, with overlapping averaging
periods.)
[24] Figure 8 shows global RMS O-F fields for SBUV

ozone in ten layers (Umkehr levels 3–12). In the middle
and lower stratosphere (layers 3–6), where ozone chemistry
is slow, there is a reduction of about one half to two thirds in
the RMS of O-F when 6-h mean winds are used. Again,
both the 6- and the 12-h averaging have similar impacts:
The result does not support using the longer window.
[25] In summary, use of the ozone assimilation system

enables quantitative measures of the impact of using differ-
ent wind data sets to be made. There are substantial improve-
ments to the quality of ozone analyses (better agreement
with independent data) and to the internal statistics of the

Figure 4. Total ozone (DU) in July 2000 for two simulation and two assimilation experiments using the
snapshot and 6-h mean winds. Solid line shows the assimilation using 6-h-averaged winds; dashed line
shows the assimilation using snapshot winds; solid circles show the simulation using 6-h-averaged winds;
and open circles show the simulation using snapshot winds.
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Figure 6. RMS ozone differences between assimilations and the sondes in July 2000. Values are shown
for the 6-h-averaged (solid lines) and instantaneous (dashed lines) winds. (left) The tropical values are for
47 profiles in the latitude range 30�S to 30�N. (right) Northern midlatitude values are for 82 profiles in
the latitude range 30�N to 60�N.

Figure 5. Zonal-mean assimilated ozone in the stratosphere (100-1 hPa) for July 2000. The contours
(interval 0.5 ppmv) show the Solar Backscatter Ultraviolet + Total Ozone Mapping Spectrometer
(SBUV+TOMS) assimilation using 6-h-averaged winds. The shading (interval irregular; see gray scale)
shows the difference between the assimilations using instantaneous and time-mean winds (positive
differences mean that instantaneous winds yield higher ozone concentrations).
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system (substantial reductions in O-Fs) when 6-h average
winds are used in place of snapshots.

5. Online Calculations

5.1. Motivation and Impacts

[26] Some benefits of using 6-h-averaged meteorological
fields in off-line CTMs have been illustrated. The purpose
of this section is to evaluate the potential of using the
6-h filtering in an on-line model, for coupled studies of

meteorology and composition. This is motivated by the
fact that high-frequency oscillations impact comparisons of
simulated constituent fields along the flight tracks of
satellite or aircraft data, as well as mixing. It is therefore
desirable to eliminate the oscillation in a similar manner to
the off-line CTM.
[27] Rasch et al. [1997] presented the MATCH technique,

in which their GCM was integrated with a constraint from
meteorological analyses. In this approach, the GCM fields
are overwritten when analyses are available, but all subgrid

Figure 7. Time series of the global root-mean-square ‘‘observation minus forecast’’ (O-F) residuals in
total ozone. Results are shown for the assimilations using 6-h-averaged (solid line), 12-h-averaged
(dotted line), and instantaneous (dashed line) winds. The O-Fs are the departures of the chemistry-
transport model (CTM) forecast from the TOMS data, aggregated at the observation locations for each
day between 1 April and 31 July 2000.

Figure 8. Global RMS of the SBUV ozone O-F residuals for the partial columns (pressure depths
indicated on right-hand axis) for Umkehr layers 3–12 of the SBUV version 6 retrievals [Bhartia et al.,
1996] in July 2001. Results are shown for 6-h (filled) and 12-h (solid lines) time-averaged winds and for
instantaneous (dashed lines) winds.
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computations and transport are computed by the GCM at
high frequency. A similar method was used in these experi-
ments. This is similar to the concept used when making the
meteorological analyses in GEOS-4: Every 6 h, the temper-
ature, wind, moisture and surface pressure in the GCM are
overwritten with the analyses (which are the instantaneous
fields used in the CTM computations in sections 3 and 4).
Instead of using the analyses, the 6-h-averaged meteorolog-
ical fields, centered on the analysis times, can be used. This
is equivalent to using the 6-h square-wave filter on the
meteorological analyses. Figure 9 shows meridional winds,
for the same period as shown in Figure 1, from the
experiment using 6-h-averaged winds. It shows the same
general behavior as in Figure 1, but with suppressed high-
frequency structure.
[28] On this basis, two examples are given from on-line

simulations. The first is a study of descent in the polar
vortex using a stratospheric chemistry module in the GCM.
The second concerns tropical water vapor. The focus here is
no longer on the comparison (which does not add more
information than in sections 3 and 4), but on the sustain-
ability of long-lived features. Because of the importance of
saturation in determining tropical moisture distributions, the
representations of temperature minima that may occur in the
GCM between the 6-hourly intervals make this a more
suitable modeling framework than the off-line CTM frame-
work.

5.2. Descent of Long-Lived Trace Gases in the Polar
Vortex

[29] A number of prior studies have shown that transport
in the polar region is inaccurate when assimilated winds are
used. Typically, long-lived trace gases do not show realistic
descent through the winter [e.g., Considine et al., 2003]
because of lateral mixing of midlatitude air masses across
the polar vortex boundary [e.g., Tan et al., 2004]. Here,

polar N2O in the GCM constrained with 6-h-averaged winds
from the analyses is compared to a free-running GCM
[Stolarski et al., 2006] and with atmospheric observations.
These results were almost identical to those in experiments
using the CTM.
[30] Time-height sections of N2O near 78�N between

November and March in EOS MLS data and two simula-
tions are shown (Figure 10). EOS-MLS retrievals of N2O
are from limb radiance measurements in the 640 GHz band
[Livesey et al., 2006]. Absolute accuracy is estimated as
being within 20% [Froidevaux et al., 2006]. The two
simulations of N2O in Figure 10 are from GEOS-4 with a
chemistry model updated slightly from that of Considine et
al. [2003], as described by Stolarski et al. [2006]. Spatial
resolution is reduced to 2.5� � 2� (longitude�latitude) at all
55 levels of the GEOS-4 GCM. The first was constrained by
the 6-h mean assimilated winds in the 2004–2005 northern
winter, the same period as the MLS data. The second
simulation is an arbitrary year from the free-running
GCM, included for reference.
[31] Figure 10 shows gradual descent of the low polar

N2O values as the season progresses; this is seen in the
MLS retrievals and the two simulations. Both the MLS data
and the free-running GCM simulation show the 240 ppbv
contour descending through the 380K isentrope in late
January, but in the 2004–2005 simulation it does not
descend below 400K. This means that there is slightly too
much N2O at the lowest levels in the polar vortex, indicative
of excessive lateral mixing. It is encouraging that the
simulated N2O captures the ascending contours beginning
in early February, as the stratosphere is dynamically dis-
turbed. (This feature occurs later in the free-running model
because there is no temporal correspondence with distur-
bances in the real atmosphere.) This suggests that the
behavior of long-lived constituents is reasonably well cap-
tured when 6-h averaging is applied to the winds, opening
up the possibilities for study of polar chemistry and reactive
gases.

5.3. Vertical Moisture Transport in the Tropical
Stratosphere

[32] Figure 11 shows time series of analyzed zonal-mean
temperature at 85 hPa in the Tropics for the period January
2002 until June 2004. The clear annual cycle in tropopause-
region temperatures is evident in this figure, with lowest
values occurring in January–March. Several studies [e.g.,
Hatsushika and Yamazaki, 2003; Fueglistaler et al., 2005]
have shown that the humidity in the lower stratosphere is
controlled by the large-scale temperature distributions. The
shaded regions in Figure 11 denote times when the satura-
tion specific humidity at any longitude around the latitude
band fell below 1.6mg/kg (approximately 2.5 ppmv) on
each day. Occurrence of such values limits the specific
humidity entrance values into the stratosphere. While there
is a good correlation with the zonal-mean temperature, this
diagnostic emphasizes some of the important longitudinal
variations that serve to limit the entry values of water into
the stratosphere [Simmons et al., 1999]. Humidity values
that enter the stratosphere are in quite good agreement with
observations [e.g., Voemel et al., 2002].
[33] The ascent rate of tropical water vapor concentration

anomalies is examined. The so-called tape recorder signal in

Figure 9. Time series of v (m/s) at 4.5 hPa, 0�E and 45�N,
between 00Z 3 January 2004 and 00Z 8 January 2004, as in
Figure 1. These curves show the raw signal and the
departure from the 6-h mean computed from high-frequency
output when the general circulation model (GCM) is
constrained by 6-h mean fields instead of the analysis
snapshots.
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tropical water, isolated by Mote et al. [1996] in retrievals of
space-based data, has become a standard diagnostic of
tropical upwelling. A distinct signal is evident (Figure 12),
with upward propagation of the maxima and minima in

the tropical tropopause water distributions. The smallest
specific humidity occurs near 85 hPa in the January–March
period, consistent with the lower saturation specific humid-
ity values, with much higher values in August–October.

Figure 10. Time-height series of N2O (ppbv; contour interval 20 ppbv) near 78�N on isentropic levels
averaged in the polar cap (78�–90�N) for 1 November 2004 to 31 March 2005 from (a) observations
(Microwave Limb Sounder retrievals), (b) the model constrained with 6-h-averaged winds, and (c) for an
arbitrary year of free-running model simulation.
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Throughout the year there is evidence of partial replenish-
ment of tropical moisture just above the tropical tropopause,
but the tape recorder signal propagates upward, retaining
the marked annual cycle. Consistent with the AA compu-
tations, propagation speed is somewhat faster than that in
observations, with ascent from 100 to 10 hPa taking about
10 months compared to 15 months in the work of Mote
et al. [1996].

6. Conclusions and Discussion

[34] This study demonstrates that the use of 6-h-averaged
winds, rather than instantaneous values with 6-h frequency,
substantially improves transport calculations using winds
from the GEOS-4 DAS. Application of this square-wave
filter eliminates signals with periods of less than 6 h that
occur in the wind data set. The averaging substantially
reduces the spurious mixing that is a well-documented
feature of transport computations using meteorological

analyses. The results of this paper indicate that useful
scientific analysis of stratospheric constituent transport can
be performed using the 6-h-averaged winds.
[35] This 6-h averaging is one of several approaches that

could potentially be used to improve the transport character-
istics of analyzed data. Various types of filter could be
applied, but the simplicity of the square wave and the fact
that it is consistent with the accumulated diagnostics (e.g.,
cloud mass fluxes) archived by many meteorological anal-
yses were factors in the choice. More advanced approaches
would attempt to reduce the excessive transience at the
source, the reconciliation of imperfect analyses with the
imperfect GCM. Several approaches to this issue are being
considered for GEOS-5, including initialization and reduc-
ing shocks using incremental analysis updates [Bloom et al.,
1996]. A potential drawback of using 6-h averages is that
they potentially suppress real features, such as diurnal and
semidiurnal tides. The 6-h averaging used here needs to be
fully assessed in comparison with other methods, such as

Figure 11. The zonal-mean temperature (K) at 85 hPa between 1 January 2002 and 30 June 2004. The
contour interval is 2.5K. Shading indicates that the minimum saturation specific humidity around the
latitude circle fell below 1.6 mg/kg (approximately 2.5 ppmv).

Figure 12. The water vapor tape recorder signal isolated using the 6-h averaging. The plot shows
specific humidity (mg/kg) averaged in the domain bounded by 5�S and 5�N for the period 1 January 2002
through 30 June 2004. Values lower than 1.6 mg/kg (approximately 2.5 ppmv) and larger than 2.6 mg/kg
are shaded to highlight these regions; the contour interval is 0.1 mg/kg. The pressure scale shows, to the
nearest integer, the pressure levels of the GCM.
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use of forecasts [e.g., Wild et al., 2003], time-smoothed,
3-h snapshots [e.g., Legras et al., 2005] or shorter averages
[e.g., Waugh et al., 1997].
[36] A number of validation techniques were used in this

study. The suitability of the AA to illustrate the bulk nature
of the stratospheric residual circulation was exploited, in the
manner of prior studies [e.g., Douglass et al., 2003; Meijer
et al., 2004]. Because such diagnostics do not allow for
assessment of all aspects of stratospheric transport, other
metrics were considered. The performance of an ozone
assimilation system demonstrated value in assessing the
more rapid aspects of transport in the lower stratosphere.
Evaluation of ozone concentrations against independent
data and monitoring of the system statistics (O-Fs) provided
a powerful demonstration of the improved quality of the
transport when using 6-h-averaged winds. Such analysis
allows direct validation, which is not possible with more
abstract quantities, such as mixing diagnostics [Tan et al.,
2004]. In the polar stratosphere, transport and mixing in and
around the polar vortex was evaluated by comparing a long-
lived tracer (N2O) with values derived from atmospheric
measurements. Finally, an assessment of the water distribu-
tion in the tropical lower and middle stratosphere enabled an
assessment of the transport properties of the flow, showing a
credible, but somewhat fast, ‘‘tape recorder’’ signal using
the assimilated winds, yet noting certain inadequacies
associated with excessive meridional mixing across the
subtropical barrier.
[37] In summary, the 6-h averaging eliminates many of

the problems associated with spurious mixing in the GEOS-
4 analyses. The vigorous transport computed using analyses
is calmed. The transport circulation remains too strong, as
evidenced by the excessive upward propagation speed of
tropical water vapor anomalies, the somewhat low AA, as
well as the excess of long-lived trace gases in the low polar
stratosphere. Experiments using a detailed chemistry
scheme are being analyzed to assess the extent to which
this overactive transport impacts long-lived trace gases and
ozone chemistry in the polar vortices. Important questions
remain, including the impact of this approach on analyses
made with different techniques. An issue of substantial
importance is the need to determine the optimal length of
the averaging period, which requires a set of transport
studies using instantaneous and time-averaged data con-
straints saved at higher frequency with shorter averaging
windows than those used in this study. These will be foci for
future studies. Future directions should also include funda-
mental research aimed at producing assimilated data sets
that are in themselves viable for trace-gas transport studies.
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